Abstract. Based on Voyager 2 observations, a numerical model of the heliosphere, which includes the mutual interaction of the interstellar medium, solar wind plasma, and interstellar hydrogen, is employed to speculate on the possible crossing of the termination shock b y the Voyager spacecraft. The multiple crossings caused by large-scale solar wind uctuations are studied quantitatively. In the event that Voyager 2 reaches the interstellar medium, the possibility of detecting interstellar ions with the MIT plasma experiment instrument (PLS) is discussed.
INTRODUCTION
Observations show that the solar wind ram pressure has large-scale uctuations on the timescale of days to years. Such uctuations will cause inward and outward motions of the heliospheric boundary, including the termination shock and the heliopause. As the Voyager spacecraft reach distances where crossing of the termination shock m a y be imminent, increasing attention has been paid to the study of heliospheric dynamics, with emphasis on the heliospheric boundaries. In this paper, a two-dimensional time-dependent hydrodynamic model for the interaction of the solar wind with the local interstellar medium, which includes the mutual interaction of the interstellar and solar wind plasma and the interstellar neutral hydrogen (1) , is employed to study the changes in the global heliosphere brought about by both long-term and short-term variations in the solar wind. The numerical results are compared to the Voyager 2 data, and the implications of these motions on the possibility of multiple crossings of the termination shock b y the Voyager 1 and 2 spacecraft are discussed. In the event that Voyager 2 crosses the heliopause and reaches the interstellar medium, the possibility of detecting the interstellar ions with the PLS instrument is examined.
RESPONSE TO SOLAR WIND FLUCTUATIONS
The physical quantities in the solar wind at 1AU used for the calculation are taken as V r = 400 km/s, V = 0, the number density n e = 5 cm 3 , and the heliosphere has a \two-shock" structure. The details of the numerical methodology can be nd in our earlier work (2) . First, the two sets of hydrodynamic equations, which describe the proton and neutral hydrogen uids respectively, are iterated numerically until a steady solution is reached. Figure  1 shows the temperature contour of the H + uid at steady-state, which represents a pickup ion modied heliosphere. Also shown are the projected trajectories of Voyager 1 and Voyager 2. This steady-state heliosphere is taken to be our starting point. We then introduce disturbances at the inner boundary to study the response of the heliospheric boundary to large-scale solar wind uctuations.
The long-term uctuations are simulated by v arying the solar wind ram pressure at the inner boundary by a factor of 2.1 (P max =P min ) with a period of 11 years. The ram pressure variation is applied rst by changing the velocity alone and then by c hanging the density alone. The resulting motions of the termination shock and the heliopause are shown in Figure  2 . The size of the resulting motion of the termina-FIGURE 2. The termination shock and the heliopause positions assuming a sinusoidal 11-year variation in the solar wind ram pressure with amplitude Pmax =Pmin = 2 : 1 tion shock is about 13 AU. The typical speed of the termination moving outward is (13 AU)/(4 years) = 15 km/s, and that of the termination shock m o ving inward is (13 AU)/(7 years) = 9 km/s. The size of the resulting motions of the heliopause at the nose is much smaller, about 6 AU during the course of one solar cycle, with a typical speed of only (6 AU)/(5.5 years) = 5 km/s. The heliospheric bow shock hardly moves during the calculations.
As for the short-term variations, we take the uctuation period to be 180 days, but with the same amplitude. As before, the period of the response of the termination shock is the same as that of the applied ram pressure oscillation. The total movement of the termination shock is found to be about 3-4 AU, which is signicantly smaller than the response to the 11-year variations. However, the short-term variations produce relatively faster motion of the termination shock. The average speed of the motion of the termination shock is (3-4 AU)/(180 days) 33 km/s. The nose of the heliopause moves very little in the computational time domain.
CROSSINGS OF THE HELIOSPHERIC BOUNDARY
Since the crossings of the various heliospheric boundaries by the Voyager spacecraft are of considerable interest, we use our model to examine possible boundary crossings for the spacecraft. In our calculation coordinate system, = 0 points to the direction of the interstellar wind. In order to project the trajectory of the Voyager 1 and 2 into this coordinate system, we use the direction of the interstellar wind as quoted by Lallement et al. (3) . They give the incoming neutrals an ecliptic longitude of 252 with an ecliptic latitude of 7 , and we assume the plasma has the same velocity. The trajectories of Voyager 1 and 2 in this coordinate system have been shown in Figure 1 . Note that the actual trajectory of Voyager 2 is out of the ecliptic plane to the south. We plot its trajectory in the same half plane as Voyager 1 because of assumed symmetry in our calculations about the interstellar wind direction.
We use the results of the simulations to speculate on the crossings of the termination shock. The speed of the Voyagers is of the order of 3 AU per year (about 15 km/s). The amplitude of the 11-year oscillations and the motion of the Voyagers allow the termination shock to cross the spacecraft at most three times. Figure 3 shows an example of a triple crossing for Voyager 2. The total plasma speed, the number density, the temperature and the angle = tan 1 (V =V r ) along the trajectory of Voyager 2 are shown as a function of time. We h a v e c hosen the phase of the 11-year cycle so that there will be three crossings of the termination shock. In this example, the termination shock rst crosses Voyager 2 in 2006 as it moves inward (TS1). After about 4 years, the now outward-moving termination shock catches up with Voyager 2 (TS2), and the termination shock passes Voyager 2 for the third time when it moves inward again (TS3). The most obvious indicator of the crossing of the termination shock w ould be the speed, which can drop to a value as low as about 100 km/s.
Using the solar wind and interstellar wind conditions we chose for the calculations, we compare tion along the trajectory of Voyager 2 assuming an 11-year ram pressure variation, with the phase of the variation chosen to yield three shock crossings. the simulation result with the Voyager 2 observations in order to examine the crossing of the termination shock. Figure 4 shows the simulation result which best ts the trend of the observed data. The same format as Figure 3 is used and the \+" sign denotes yearly averages of the observations made by V o y ager 2. The trend of speed changes are similar for the calculation and for the actual data. The calculated density is in reasonable agreement with the observed data. But the calculated plasma temperature is different from the observed data. Note that our calculated temperature shows an enormous increase due to the assumption of rapid mixing of pickup ions into a single distribution with the solar wind protons. However the pick-up ion distribution should really be viewed as thermally distinct from the solar wind proton distribution (4) . If the parameters we picked are correct, Voyager 2 will encounter the termination shock in the year 2009. In the year 2028, Voyager 2 will cross the heliopause. Under the same conditions, the physical parameters along the trajectory of Voyager 1 from the simulation are shown in Figure   FIGURE 4 . The physical parameters from the simulation along trajectory of Voyager 2 assuming an 11-year ram pressure variation.This example illustrates how the simulation results t observations. The \+" denotes yearly averages of Voyager 2 data.
5. Voyager 1 is expected to reach the termination shock and the heliopause around the year 2002 and 2019 respectively. However, because of the poorly known properties of the local interstellar medium, the above predictions have large uncertainties.
DETECTING THE INTERSTELLAR IONS
In the event that Voyager 2 reaches the interstellar medium, will the plasma instrument be able to detect the the interstellar protons? The threshold of the Voyager 2 PLS instrument is around 3 femtoamps, with a noise level of the order of 30 femtoamps. current i n the rst channel in the L-mode D cup is about 180 femtoamps, which is far above the noise level. This should be a meaningful signal indicating that the speed of the interstellar medium is low, the temperature is cold and the density is relatively high. Therefore, there is some chance that PLS may be able to detect interstellar ions directly, although clearly this is on the edge of what is possible.
SUMMARY
The excursions of the termination shock in response to the 11-year variation by a factor of 2.1 are about 13 AU. The short-term variation produces much smaller but relatively faster motions of the termination shock.
The solar cycle variation superimposed by the short-term uctuations may cause the Voyager spacecraft to see multiple shock crossings. Under our assumptions, Voyager 1 will rst cross the termination shock around 2002 and enter the shocked interstellar medium in 2019.
In the event that Voyager 2 reaches the interstellar medium, there is some chance that PLS may be able to detect interstellar ions directly.
